Introduction {#sec1}
============

Bacteria produce diverse toxic compounds, including diffusible small molecules such as antibiotics, that allow them to thrive in a competitive environment. They can also produce and secrete enzymatic toxins targeting nucleic acids, membrane lipids, or the peptidoglycan of competing bacterial cells ([@bib8; @bib10]). The type VI secretion system (T6SS) is a molecular machine found in most Proteobacteria ([@bib13; @bib17]) and can deliver effectors to both eukaryotic ([@bib40]) and prokaryotic cells, which appear to be the major targets ([@bib14; @bib15; @bib26; @bib42; @bib43; @bib44]).

Functional and structural studies have shown that the T6SS nanomachine shares remarkable similarities with the bacteriophage tail structure ([@bib6; @bib12; @bib29; @bib32]). The system contains a TssB-TssC contractile sheath, which is proposed to accommodate the Hcp-VgrG tail tube/puncturing device. The contraction of the sheath leads to the propelling of Hcp, VgrG, and T6SS effectors across bacterial membranes ([@bib6; @bib9; @bib29; @bib32]). Time-lapse fluorescent experiments highlighted the dynamics of this mechanism by revealing "T6SS dueling" between interacting cells ([@bib7; @bib5; @bib25; @bib33]).

To date, only a few toxins have been biochemically characterized and shown to contribute to the bactericidal activity mediated by the T6SS ([@bib45]). The most remarkable examples are the cell-wall-degrading effectors that include the type VI secretion amidase effector (Tae) and type VI secretion glycoside hydrolase effector (Tge) superfamilies ([@bib42; @bib43; @bib51]). The Tae family includes Tse1 from *Pseudomonas aeruginosa* ([@bib42]) and Ssp1 or Ssp2 from *Serratia marcescens* ([@bib15]). The Tge family includes the Tse3 muramidase from *P*. *aeruginosa* ([@bib42]) and Tge2 and Tge3 from *Pseudomonas protegens* ([@bib51]). VgrG3 from *Vibrio cholerae* ([@bib11; @bib14]) represents another effector family with a distinct muramidase fold unrelated to the Tge family ([@bib45]). These enzymes are injected into the periplasm of target cells, where they hydrolyze the peptidoglycan, thereby inducing cell lysis ([@bib11; @bib15; @bib42; @bib51]). The phospholipase Tle superfamilies represent an additional set of T6SS toxins. By degrading phosphotidylethanolamine, a major constituent of bacterial membranes, these effectors challenge the membrane integrity of target cells ([@bib44]).

A recent study reported the nuclease activity of two proteins, RhsA and RhsB from *Dickeya dadantii*, containing NS_2 and HNH endonuclease domains, respectively, which cause the degradation of cellular DNA and confer an intraspecies competitive advantage ([@bib30]). However, whether the *D*. *dadantii* antibacterial activity mostly relies on the DNase activity, and whether Rhs proteins are delivered by a dedicated T6SS machine remains to be determined ([@bib45]).

*Agrobacterium tumefaciens* is a soil bacterium that triggers tumorigenesis in plants by delivering T-DNA from bacterial cells into host plant cells through a type IV secretion system (T4SS) ([@bib2; @bib19]). Although not essential for tumorigenesis ([@bib53]), the *A*. *tumefaciens* T6SS is activated at both transcriptional ([@bib54]) and posttranslational levels ([@bib35]) when sensing acidity, a signal enriched in the plant wound site and apoplast. Here, using *A*. *tumefaciens* as a model organism, we report the discovery of a type VI DNase effector (Tde) family that exhibits potent antibacterial activity. The toxic activity of the Tde DNase is counteracted by a cognate immunity protein, here called Tdi. The T6SS increases the fitness of *A*. *tumefaciens* during in planta colonization, and the bacterium uses Tde to attack both intraspecies and interspecies bacterial competitors. The widespread conservation of the Tde toxin and Tdi immunity across bacterial genomes suggests that an appropriate combination of a functional T6SS and a broad toxin repertoire is key to niche colonization within a polymicrobial environment.

Results {#sec2}
=======

Atu4350 Is an *A*. *tumefaciens* T6SS-Dependent Effector {#sec2.1}
--------------------------------------------------------

*A*. *tumefaciens* strain C58 contains a T6SS gene cluster in which 14 of 23 genes are essential for the assembly of a functional type VI secretion machinery ([@bib34]). The other genes are dispensable because the secretion of Hcp, a hallmark for T6SS activity, is not significantly affected in corresponding mutants ([Figure 1](#fig1){ref-type="fig"}A) ([@bib34]). The gene *atu4347*, which is located in the so-called *hcp* operon ([Figure 1](#fig1){ref-type="fig"}A), encodes a T6SS-secreted protein predicted to act as a peptidoglycan amidase ([@bib34]). The gene *atu4347* and its neighboring gene *atu4346* encode proteins orthologous to the *S*. *marcescens* T6SS antibacterial toxin secreted small protein (Ssp), belonging to the amidase family 4, and a cognate immunity, classified as resistance-associated protein (Rap), respectively ([@bib15; @bib43]). Because several genes encoded in the *hcp* operon ([Figure 1](#fig1){ref-type="fig"}A) are dispensable for type VI secretion, additional T6SS toxin-immunity gene pairs may exist within this operon.

Attempts to delete the *atu4351* gene were unsuccesful ([@bib34]), which suggests that it may encode for a potential immunity protein protecting against the activity of a cognate toxin. This toxin is probably encoded by the adjacent gene, *atu4350*, and the secretion of Atu4350 is indeed readily detectable with growth of *A*. *tumefaciens* on acidic AB-MES minimal medium (pH 5.5), as was shown for the secretion of Hcp or Atu4347 ([Figure 1](#fig1){ref-type="fig"}B) ([@bib34; @bib35; @bib38; @bib39; @bib54; @bib53]). The secretion of Atu4350 is T6SS dependent, since it was abolished in a T6SS mutant, Δ*tssL* ([Figure 1](#fig1){ref-type="fig"}B).

A Superfamily of Type VI DNase Effectors {#sec2.2}
----------------------------------------

Atu4350 is annotated as a hypothetical protein, and no functional domains were identified by a BLASTP search of the NCBI database. A screening of the Pfam database linked the Atu4350 protein to a recently identified superfamily containing the putative domain toxin_43 (PF15604) ([@bib55]). This superfamily displays a conserved putative catalytic motif HxxD and exhibits an all-alpha helical fold feature ([Figures 2](#fig2){ref-type="fig"}A; [Figure S1](#app2){ref-type="sec"} available online). Furthermore, the members of this family are distinct from known polymorphic toxins and have been tentatively assigned a putative RNase activity ([@bib55]).

To investigate whether Atu4350 harbors a nuclease activity, we overexpressed a C-terminal His~6~-tagged fusion of the protein in *Escherichia coli*. Atu4350 was then purified in the presence of Atu4349, which resulted in increased Atu4350 yield and stability ([Figures S2](#app2){ref-type="sec"}A and S2B). Atu4350 did not display a detectable RNase activity in vitro ([Figure S2](#app2){ref-type="sec"}C). Instead, it showed a Mg^2+^-dependent DNase activity, as seen by the rapid degradation of supercoiled plasmidic DNA (pTrc200) ([Figure 2](#fig2){ref-type="fig"}B). The conserved HxxD motif is required for this DNase activity, since an Atu4350 derivative bearing amino acid substitutions within this motif (H190A D193A) lost its ability to degrade the pTrc200 plasmid ([Figure 2](#fig2){ref-type="fig"}B). To assess the DNase activity in vivo, the *atu4350* gene and its derivatives were cloned under the control of an arabinose-inducible pBAD promoter in the plasmid pJN105. Induction of *atu4350* expression resulted in rapid degradation of the pTrc200 and pJN105 (or derivatives) plasmids ([Figure S2](#app2){ref-type="sec"}D). Cells producing the Atu4350 variant with substitutions in the HxxD motif showed no DNase activity ([Figure S2](#app2){ref-type="sec"}D). The Atu4350-dependent DNA fragmentation was also characterized by using terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) with 3′-OH termini of DNA breaks labeled with FITC-dUTP. TUNEL-positive cells (FITC labeled) were observed in *E*. *coli* cells producing only wild-type Atu4350 but not the Atu4350 variant (H190A D193A) ([Figure 2](#fig2){ref-type="fig"}C). More precisely, ∼50% of cells expressing Atu4350 but only ∼8% of cells producing the Atu4350 variant (H190A D193A) showed FITC labeling. Our results establish that Atu4350 is a bona fide DNase.

Three Toxin-Immunity Pairs in *A*. *tumefaciens* {#sec2.3}
------------------------------------------------

The *A*. *tumefaciens* T6SS activity also relies on the expression of an operon encoding *vgrG2*, which is functionally redundant with *vgrG1* for Hcp secretion ([@bib34]) ([Figure 1](#fig1){ref-type="fig"}A). Standard bioinformatic tools showed that Atu3640 and Atu3639, encoded within the so-called *vgrG2* operon ([Figure 1](#fig1){ref-type="fig"}A), are homologuous to Atu4350 and Atu4351, respectively ([Figures 2](#fig2){ref-type="fig"}A, [S1](#app2){ref-type="sec"}, and [S3](#app2){ref-type="sec"}). As observed with Atu4350, Atu3640 also possesses a C-terminal toxin_43 domain, and production of Atu3640 in *E*. *coli* cells caused rapid degradation of plasmidic DNA ([Figure S2](#app2){ref-type="sec"}E).

Collectively, our results suggest that Atu4350-Atu4351 and Atu3640-Atu3639, together with the Atu4347-Atu4346 proteins, are potential T6SS toxin-immunity pairs in *A*. *tumefaciens*. Atu4350 and Atu3640 have DNase activity, whereas Atu4347 is a putative peptidoglycan amidase ([@bib15]). We used a strategy based on the coproduction of a given toxin-immunity pair to investigate the role of the putative immunity in protecting against the adverse effects of the toxin. The toxin gene was cloned under the control of an inducible promoter, whereas the putative cognate immunity gene was expressed from a compatible plasmid. The growth of *A*. *tumefaciens* cells harboring the vector controls increased steadily over time, with no growth upon induction of *atu4350* and *atu3640* expression ([Figures 3](#fig3){ref-type="fig"}A and 3B). The growth inhibition exerted by Atu4350 and Atu3640 was readily alleviated by the coexpression of the cognate immunity genes *atu4351* and *atu3639*, respectively ([Figures 3](#fig3){ref-type="fig"}A and 3B). Atu4350 and Atu3640 exert a toxic effect via their DNase activity when produced within the cytoplasm, whereas the putative peptidoglycan amidase activity of Atu4347 is likely to occur within the periplasm. Indeed, the fusion of Atu4347 to a cleavable N-terminal Sec-dependent signal peptide (ssPelB) led to a significant growth inhibition ([Figure 3](#fig3){ref-type="fig"}C). The growth inhibitory effect of Atu4347 was neutralized by the coexpression of the cognate immunity gene *atu4346*, predicted to encode a protein bearing a typical N-terminal signal peptide (data not shown).

In conclusion, we identified three toxin-immunity pairs. The Atu4347-Atu4346 pair belongs to the family type VI secretion amidase effector and immunity (Tae-Tai), and the toxin likely targets the peptidoglycan. Atu4350 and Atu3640 represent a family of T6SS toxins and are named Tde1 and Tde2, respectively, for Tde. Their cognate immunity proteins Atu4351 and Atu3639 are named Tdi1 and Tdi2, respectively.

The *A*. *tumefaciens* T6SS Has a Role in Bacterial Competition {#sec2.4}
---------------------------------------------------------------

The role of the three *A*. *tumefaciens* T6SS toxins Tae, Tde1, and Tde2 was assessed in bacterial competition, with T6SS-negative *E*. *coli* K12 cells used as prey cells ([@bib14; @bib15; @bib21; @bib26; @bib42; @bib43; @bib44]). *A*. *tumefaciens* and *E*. *coli* strains carrying gentamicin resistance were cocultured on LB (pH 7.0) or acidic AB-MES (pH 5.5) agar, and *E*. *coli* survival was monitored by counting gentamicin-resistant colony-forming units. *E*. *coli* survival was greatly reduced when cocultured with wild-type *A*. *tumefaciens* strain C58, as compared to *E*. *coli* alone or the *A*. *tumefaciens* T6SS mutant, Δ*tssL* ([Figures S4](#app2){ref-type="sec"}A and S4B). Importantly, a strain presenting a functional T6SS, as shown by the high levels of Hcp secretion ([Figure S5](#app2){ref-type="sec"}A), but lacking all toxin-immunity pairs (Δ3TIs) was unable to kill *E*. *coli*. These results demonstrate the antibacterial activity of the *A*. *tumefaciens* T6SS, which is relying on at least one of the three identified toxins, Tae, Tde1, or Tde2.

Tde Toxins Equip *A*. *tumefaciens* with a Plant Colonization Advantage {#sec2.5}
-----------------------------------------------------------------------

Despite its usefulness in identifying T6SS antibacterial activity, the *E*. *coli* K12 model does not provide information on whether a specific set of toxins can be advantageous for *A*. *tumefaciens*. Thus, we investigated the function of the T6SS antibacterial activity during interbacterial competition between *A*. *tumefaciens* strains. The *A*. *tumefaciens* attacker strain was mixed with target strains carrying gentamicin resistance to allow the quantification of surviving cells. Although Tde1 and Tae were readily secreted when bacteria were grown on acidic AB-MES agar plate ([Figure 1](#fig1){ref-type="fig"}B), the *A*. *tumefaciens* wild-type C58 strain had no significant growth advantage when cocultured with the strain Δ3TIs ([Figure S4](#app2){ref-type="sec"}C).

However, the above described phenotypes may result from the limitations of an in vitro setup, which prompted us to assess the T6SS antibacterial activity in an environment closer to the in vivo situation. We thus assessed whether a functional T6SS and the associated toxins may give *A*. *tumefaciens* an advantage for survival inside the host plant. We used a combination of *A*. *tumefaciens* strains, which contain attacker and target cells, in coinfection assays. These strains carried the plasmid pRL662 encoding gentamicin resistance or pTrc200 conferring spectinomycin resistance, which allowed for selecting surviving cells within what we define here as the target cell population. The assay involved coinfiltration of *A*. *tumefaciens* attacker and target strains into *Nicotiana benthamiana* leaves ([@bib4]). Coinfection with the *A*. *tumefaciens* wild-type C58 attacker strain caused a ∼5-fold decrease in surviving cell numbers of the Δ3TIs target strain in comparison to the C58 target strain ([Figure 4](#fig4){ref-type="fig"}A). In contrast, coincubation of the Δ3TIs target strain with an attacker strain lacking a functional T6SS, Δ*tssL*, or the three T6SS toxins, Δ3TIs, resulted in wild-type levels of fitness. These results strongly suggest that the *A*. *tumefaciens* T6SS and its associated toxins provide a competitive advantage to this bacterium during plant colonization.

We monitored the contribution of each individual toxin-immunity pair in this experimental model. Target strains lacking Tde1-Tdi1 or Tde2-Tdi2 toxin-immunity pairs lost their competitive advantage against the wild-type C58 attacker ([Figure 4](#fig4){ref-type="fig"}B). Furthermore, the expression of a *tdi* immunity gene in the absence of the corresponding *tde* toxin gene was sufficient to protect the target strain against killing by the C58 attacker ([Figure 4](#fig4){ref-type="fig"}C). In contrast, the Δ*tae*-*tai* mutant showed wild-type levels of fitness, which suggests that both Tde1 and Tde2, but not Tae, are crucial for *A*. *tumefaciens* competition during colonization in planta ([Figure 4](#fig4){ref-type="fig"}B). These observations are further supported by evidence showing that the presence of either of the *tde*-*tdi* toxin-immunity pairs is sufficient to attack the Δ3TIs target strain, but this ability is lost if the attacker is a double *tde*-*tdi* deletion mutant (Δ*tde1*-*tdi1*Δ*tde2*-*tdi2*) ([Figure S4](#app2){ref-type="sec"}D). Importantly, attacking strains producing any variants of the Tde1 proteins (H190A, D193A, or H190A D193A substitutions) were unable to inhibit the growth of target cells ([Figure 4](#fig4){ref-type="fig"}D), which suggests that the Tde DNase activity was essential for providing the competitive advantage. Of note, mutations in the HxxD motif did not affect the secretion of Tde1, Hcp, or Tae ([Figure S5](#app2){ref-type="sec"}B). These observations highlight the decisive role played by the Tde DNase toxins and their cognate immunity proteins in the fitness of *A*. *tumefaciens* during the colonization of the plant host.

*A*. *tumefaciens* T6SS Toxins Trigger a *P*. *aeruginosa* Counterattack In Vitro {#sec2.6}
---------------------------------------------------------------------------------

Because multiple microbial taxa coexist as communities to compete for resources, we further investigated the impact of the *Agrobacterium* T6SS activity in the frame of an interspecies context. *P*. *aeruginosa* is an opportunistic pathogen for humans and plants ([@bib41]), but it also coexists with *A*. *tumefaciens* as common residents in freshwater, bulk soil, and the rhizosphere ([@bib27; @bib46; @bib49]). We examined *A*. *tumefaciens*-*P*. *aeruginosa* competition in both in vitro and in vivo assays. For competition assay in vitro, we designed coculture conditions on LB agar (pH 7.0) for which type VI secretion is observed in both strains ([@bib20]) ([Figure S5](#app2){ref-type="sec"}C) and measured the competition outcomes. Even though *A*. *tumefaciens* and *P*. *aeruginosa* cells were cocultured in equal amounts, *P*. *aeruginosa* outcompeted *A*. *tumefaciens* by at least 100-fold after 16 hr of coincubation ([Figure S4](#app2){ref-type="sec"}E). H1-T6SS is constitutively active in the *P*. *aeruginosa* strain PAKΔ*retS* ([@bib20]), and this strain exerted a stronger inhibition on *A*. *tumefaciens* growth than the wild-type PAK strain ([Figure 5](#fig5){ref-type="fig"}A). Strikingly, upon contact with *P*. *aeruginosa*, the number of viable *A*. *tumefaciens* wild-type C58 cells was ∼5-fold lower than the isogenic ΔT6SS strain, suggesting that *A*. *tumefaciens* T6SS activity can trigger a *P*. *aeruginosa* counterattack. *P*. *aeruginosa* H1-T6SS is required for this counterattack as a mutant lacking this cluster (Δ*retS*ΔH1) was unresponsive to *A*. *tumefaciens* ([Figure 5](#fig5){ref-type="fig"}A). An *A*. *tumefaciens* mutant lacking all three pairs of toxin-immunity genes (Δ3TIs) displayed a higher survival rate when cocultured with the *P*. *aeruginosa* wild-type strain ([Figure 5](#fig5){ref-type="fig"}B). Because the *A*. *tumefaciens* strain Δ3TIs was still T6SS active (as shown by Hcp secretion) ([Figure S5](#app2){ref-type="sec"}A), the presence of a functional T6SS may not be sufficient for *A*. *tumefaciens* to trigger a *P*. *aeruginosa* counterattack. Of note, the *A*. *tumefaciens* wild-type C58, as well as the isogenic variants Δ*tde1*-*tdi1*Δ*tde2*-*tdi2* and Δ*tae*-*tae* mutants, could still deliver at least one T6SS toxin and were all killed by *P*. *aeruginosa* ([Figure 5](#fig5){ref-type="fig"}B). These data suggest that the injection of *A*. *tumefaciens* T6SS toxins was required to trigger a *P*. *aeruginosa* counterattack.

*A*. *tumefaciens* Uses Tde as a Weapon against *P*. *aeruginosa* In Planta {#sec2.7}
---------------------------------------------------------------------------

The advantage provided by the Tde toxins to *A*. *tumefaciens* when grown in planta ([Figure 4](#fig4){ref-type="fig"}) but not in vitro ([Figure S4](#app2){ref-type="sec"}C) underlines the importance of a physiologically relevant environment for studying bacterial fitness. Thus, we investigated whether the relationship between *A*. *tumefaciens* and *P*. *aeruginosa* could differ in planta. Remarkably, the survival of *P*. *aeruginosa* wild-type PAK and its isogenic H1-T6SS mutant (ΔH1) was reduced by ∼5-fold following 24 hr coinfection with *A*. *tumefaceins* wild-type C58 in leaves of *N*. *benthamiana* ([Figure 5](#fig5){ref-type="fig"}C). In contrast, we detected no significant growth difference for *A*. *tumefaciens* strains grown alone or coinfected with *P*. *aeruginosa* inside the host plant ([Figure S4](#app2){ref-type="sec"}F). The *P*. *aeruginosa* attack against *A*. *tumefaciens* observed in vitro may be totally inefficient or prevented in planta. Furthermore, the Δ*tae*-*tai* strain retained the ability to attack *P*. *aeruginosa*, but Δ*tssL* or a strain lacking both *tde*-*tdi* (Δ*tde1*-*tdi1*Δ*tde2*-*tdi2*) were unable to kill *P*. *aeruginosa* ([Figure 5](#fig5){ref-type="fig"}C). During plant colonization, *A*. *tumefaciens* is able to attack *P*. *aeruginosa* by using a functional T6SS and the Tde toxins, whereas the Tae toxin does not seem to act as a potent effector in this context. All together, the Tde DNase toxins may be pivotal antibacterial toxins that *A*. *tumefaciens* uses against competitors during in planta colonization, as shown by the different competition scenarios illustrated in [Figure 6](#fig6){ref-type="fig"}.

The Tde-Tdi Couple Is Conserved among Bacterial Species {#sec2.8}
-------------------------------------------------------

The identification of Tde toxins and the characterization of their role in plant colonization by *A*. *tumefaciens* prompted us to explore whether the Tde family is prevalent in plant-associated bacteria. The results obtained by BLASTP sequence homology search and the information extracted from the Pfam database highlighted the conservation of Tde-like proteins harboring the putative toxin_43 domain across several bacterial phyla ([Figure 7](#fig7){ref-type="fig"}A). The Tde-like superfamily can be divided into eight classes depending on the domain organization of the protein, ranging from a single (class 1) or tandem toxin_43 domains (class 2) to fusion with other domains with known or yet-to-be-identified functions (classes 3 to 8) ([Figure 7](#fig7){ref-type="fig"}B). Tde1 belongs to class 1, the most frequent, and contains only an identifiable C-terminal toxin_43 domain. Tde2 falls in class 3 and displays a domain of unknown function, DUF4150, within its N-terminal region. According to the Pfam database, this domain shows similarity to the recently characterized proline-alanine-alanine-arginine (PAAR) domain ([@bib48]), which can also be found in class 7. A direct sequence alignment between DUF4150 and PAAR motif-containing proteins revealed significant conservation between the two domains and suggests that DUF4150 could act as a PAAR-like protein ([Figure S6](#app2){ref-type="sec"}).

The immunity proteins Tdi1 and Tdi2 contain an uncharacterized GAD-like and DUF1851 domains, which are well-conserved features in other putative Tdi homologs ([Figure S3](#app2){ref-type="sec"}). Notably, the *tde*-*tdi* gene pair is conserved in Gram-negative Proteobacteria harboring T6SS features and highly prevalent in a wide range of plant pathogens (e.g., *Pseudomonas syringae* pv. syringae, *Pseudomonas syringae* pv. tomato), symbionts (e.g., *Rhizobium leguminosarum*), and plant growth-promoting bacteria (e.g., *Pseudomonas putida*), which further suggests their potential role for colonization in planta. The *tde*-*tdi* gene pair is also found in T6SS-negative organisms including Gram-positive Firmicutes (e.g., *Bacillus cereus*, *Staphylococcus epidermidis*) and Actinobacteria (e.g., *Mycobacterium abscessus*) as well as Gram-negative Bacteroidetes (e.g., *Bacteroides vulgatus*) ([Figure 7](#fig7){ref-type="fig"}A). This observation would imply the presence of alternative secretion mechanisms for Tde transport or other functions yet to be identified in this subset of microorganisms.

Discussion {#sec3}
==========

In a form of bacterial warfare involving the T6SS nanomachine, peptidoglycan ([@bib15; @bib42; @bib43]) and membrane lipids ([@bib44]) were shown to be the main targets for T6SS toxins. Our discovery of a superfamily of DNases (Tde), together with the recently identified VgrG-dependent Rhs DNases ([@bib30]) and predicted polymorphic nuclease toxins ([@bib55]), expands the repertoire of characterized T6SS-dependent antibacterial toxins. The Tde DNase toxins identified in this present study do not share homology with Rhs or any other characterized bacterial DNases ([Figure S7](#app2){ref-type="sec"}), which suggests a unique biochemical activity for the Tde toxins.

The widespread presence of *tde*-*tdi* couples in divergent bacterial phyla reveals the conservation of this family of toxin-immunity pairs. The presence of a genetic linkage between *vgrG* and *tde*-*tdi* genes in most analyzed Proteobacteria agrees with previous observations that *vgrG* genes are often linked to genes encoding toxins ([@bib30; @bib44]). Two recent reports further demonstrated the requirement of the cognate VgrG for specific toxin-mediated antibacterial activity ([@bib22; @bib52]). Considering the genetic linkage between *vgrG1* and *tde1*-*tdi1* or *vgrG2* and *tde2*-*tdi2* in *A*. *tumefaciens*, VgrG1 and VgrG2 may bind specifically to Tde1 and Tde2, respectively, either directly or indirectly, to facilitate their secretion and delivery in the target cells.

Interestingly, the domain modularity observable in the Tde superfamily further supports the use of distinct transport mechanisms for each Tde class, as was generally suggested for the T6SS ([@bib48]). For example, Tde1 contains only a recognizable C-terminal toxin_43 domain, whereas Tde2 contains an additional N-terminal DUF4150 domain that shares sequence similarity with PAAR motif-containing proteins. This PAAR superfamily of proteins was recently described to sharpen the VgrG spike and to act as an adaptor to facilitate T6SS-mediated secretion of a broad range of toxins ([@bib16; @bib48]). Thus, the DUF4150 motif within the Tde2 toxin may be required to adapt or connect the protein at the tip of a VgrG spike to allow for delivery. The DUF4150 domain is also found in class 2 Tde toxins and can have a similar function for this subclass of proteins. Additional adaptor domains including known PAAR domain and other uncharacterized domains located at the N-terminal sequence of different Tde subclasses may be candidates for this function. In contrast, independent adaptor domains could be involved, as it would be the case for Tde1, which does not display any recognizable domain at its N terminus.

Of note, the importance of the T6SS and its associated toxins varies substantially depending on which set of bacteria are placed in competition and whether this occurs during in vitro or in vivo situations. Our findings that *A*. *tumefaciens* was outcompeted by *P*. *aeruginosa* in vitro is consistent with previous observation for significant competitive advantage of *P*. *aeruginosa* over *A*. *tumefaciens* in both planktonic and biofilm growth ([@bib3]). The mechanisms for the domination of *P*. *aeruginosa* involve a faster growth rate, motility, and an unknown compound(s) capable of dispersal and inhibition of *A*. *tumefaciens* biofilm ([@bib3; @bib23]). Interestingly, in addition to its obvious growth advantage over *A*. *tumefaciens* under laboratory growth conditions, *P*. *aeruginosa* further triggers a lethal counterattack against T6SS-active *A*. *tumefaciens*. This phenomenon is clearly reminiscent of the recently described T6SS-dueling behavior ([@bib5]), with *P*. *aeruginosa* using a "tit-for-tat" strategy to counterattack threatening cells such as *Vibrio cholerae* or *Acinetobacter baylyi* ([@bib7]). In regards to the *A*. *tumefaciens*-*P*. *aeruginosa* competition in vitro, the danger signal sensed by *P*. *aeruginosa* may be represented by the injected toxin and not the T6SS machinery itself. *P*. *aeruginosa* was recently found to induce a lethal T6SS counterattack in response to the T4SS mating system ([@bib24]). In our study, the "T6SS counter-attack" trigger was not restricted to the Tde injection but was also effective with the injection of Tae, which alters the integrity of the bacterial cell envelope. Thus, the *P*. *aeruginosa* T6SS response may result from sensing a wide variety of cellular perturbation, including DNA damage or membrane/cell wall damage.

The competition outcomes and the relationship between *A*. *tumefaciens* and *P*. *aeruginosa* appear to vary greatly when switching from an in vitro to an in vivo environmental context. Inside the host plant, *A*. *tumefaciens* exhibits the T6SS- and Tde-dependent competitive advantage over *P*. *aeruginosa*, which suggests that the plant environment is a crucial determinant for the selection of the fittest *A*. *tumefaciens* strains. It is also striking that this competitive advantage for *A*. *tumefaciens* during intraspecies interaction is only observed in planta but not during in vitro growth, even though both antibacterial activity and type VI secretion were readily detected in vitro. While the molecular mechanisms and biological significance underlying this observation await future investigation, we speculated that *A*. *tumefaciens* may be able to recognize *Agrobacterium* or Rhizobiaceae-specific components that are absent in other distantly related bacteria such as *E*. *coli* and *P*. *aeruginosa* and choose not to attack its own siblings during free-living environment. Once *A*. *tumefaciens* successfully infects the host plant, *A*. *tumefaciens* may adjust its antibacterial stragtegy to attack all other nonisogenic bacteria at both intraspecies and interspecies levels, aiming to secure the nutrient for its own replication in the apoplast. It is worth mentioning that *Agrobacterium* T6SS may be also regulated by nutrients as type VI secretion is active in neutral rich medium 523 ([@bib53]) or LB ([Figure S5](#app2){ref-type="sec"}C) but not in minimal AB-MES medium (pH 7.0) ([@bib54]). Thus, *A*. *tumefaciens* seems to regulate T6SS activity at multiple levels with complex mechanisms in response to different environmental cues. Therefore, beyond acidity ([@bib54]), additional plant signal(s) may be required to trigger the ability of *A*. *tumefaciens* in differentiating self from nonself in order to attack coexisting competitors in the same ecological niche. Recent findings for a role of T6SS in export of self-identity proteins to provide a competitive advantage and territoriality in the social bacterium *Proteus mirabilis* indeed support the importance of self-recognition in interbacterial interactions ([@bib1; @bib50]).

The use of Tde as an antibacterial toxin to increase the fitness of *A*. *tumefaciens* during plant colonization lends support to their key role in a physiological and ecological context. This finding presents an unprecedented role of T6SS effector activity for bacterial competitive advantage at both intraspecies and interspecies levels inside a plant host. The distribution of tandem *tde*-*tdi* genes in the genomes of plant-associated bacteria suggests the conservation of this mechanism among other phytobacteria. Similar benefits were observed in the human pathogen *V*. *cholerae* during colonization of the infant rabbit intestine ([@bib18]). Whereas *A*. *tumefaciens* uses the Tde DNases as major weapons to attack both its own siblings and *P*. *aeruginosa* during in planta colonization, *V*. *cholerae* delivers VgrG3 to target peptidoglycan of competing siblings for survival inside the animal host. In both cases, the cognate immunity is essential for this in vivo competitive advantage and sufficient to protect the toxin-producing bacterium from killing. In conclusion, the in vivo fitness advantage conferred by the T6SS for both plant and animal pathogens offers a unique perspective in the evaluation of the T6SS in the host, particularly within a polymicrobial environment.

Experimental Procedures {#sec4}
=======================

Bacterial Strains and Plasmids {#sec4.1}
------------------------------

Strains, plasmids, and primer sequences used in this study are in [Tables S1](#app2){ref-type="sec"} and [S2](#app2){ref-type="sec"}. *E*. *coli* and *P*. *aeruginosa* strains were grown in LB, whereas 523 medium ([@bib28]) was routinely used for *A*. *tumefaciens* strains unless indicated. Growth conditions and mutant construction are as previously described ([@bib37; @bib38]).

Bioinformatics Analysis {#sec4.2}
-----------------------

All sequences identified in this study were obtained from the NCBI database (<http://www.ncbi.nlm.nih.gov/>). Tde family proteins were identified by a BLASTP search with the amino acid sequence of the toxin_43 domain (defined by Pfam database, <http://pfam.xfam.org/>) for Tde1 (Atu4350) and Tde2 (Atu3640) against the non-redundant protein database to identify the Tde homologs with E value \< 10^−4^ and extracted from the Pfam toxin_43 (PF15604) database. The Tde family was aligned by use of ClustalW on EMBL-EBI website (<http://www.ebi.ac.uk/>), and the secondary structure for the Tde1 toxin_43 domain was predicted by using the PSIPRED server (<http://bioinf.cs.ucl.ac.uk/psipred/>). Sequence logos were generated manually by examining the genome context of the neighbor genes. The presence of a signal peptide was predicted by using SignalP (<http://www.cbs.dtu.dk/services/SignalP/>).

In Vitro DNase Activity Assay {#sec4.3}
-----------------------------

Plasmid DNA of pTrc200 (1 μg) was incubated with purified C-terminal His-tagged Tde1 or Tde1 derivative (H190A D193A) (0.5 μg) in 15 μl of 10 mM Tris/HCl (pH 7.5) for 1 hr at 37°C in the presence or absence of 2 mM Mg^2+^. Plasmid DNA with sample buffer served as a control. The integrity of DNA was visualized on 1% agarose gel. Tde proteins were overexpressed and purified from *E*. *coli* by nickel chromatography with details described in [Supplemental Experimental Procedures](#app2){ref-type="sec"}.

Plasmid DNA Degradation Analysis in *E*. *coli* Cells {#sec4.4}
-----------------------------------------------------

Overnight cultures of *E*. *coli* DH10B strain harboring the empty vectors or derivatives expressing Tde toxins were harvested and adjusted to an OD~600~ 0.3 containing 0.2% L-arabinose for a further 2 hr to produce Tde toxins. Equal cell mass was collected, and plasmid DNA was extracted within an equal volume for DNA gel analysis.

Secretion Assay {#sec4.5}
---------------

Secretion assay from liquid culture was performed in LB or AB-MES for 4--6 hr at 25°C, as previously described ([@bib38]). For detecting secretion on agar plate, *A*. *tumefaciens* cells were grown in liquid 523 for 16 hr at 28°C. The harvested cells were adjusted to OD~600~ 1 with AB-MES (pH 5.5) ([@bib31]), and 100 μl of cell suspension was spread and incubated on an AB-MES (pH 5.5) agar plate for 24 hr at 25°C. Cells were collected in 5 ml AB-MES (pH 5.5) and secreted protein was analyzed as described ([@bib38]).

Growth Inhibition Assay {#sec4.6}
-----------------------

Overnight cultures of *E*. *coli* DH10B strain harboring vectors or their derivatives were adjusted to OD~600~ 0.1. Expression of the tested immunity protein was induced by 1 mM IPTG for 1 hr before L-arabinose (0.2% final concentration) was added to induce expression of the toxin. For growth inhibition assay with *A*. *tumefaciens*, overnight cultures of *A*. *tumefaciens* C58 strain harboring empty vectors or their derivatives were adjusted to OD~600~ 0.1. The tested immunity protein was constitutively expressed, and the toxin protein was induced with 1 mM IPTG. The growth was monitored by measuring OD~600~ at 1 hr intervals.

Interbacterial Competition Assay {#sec4.7}
--------------------------------

The in planta competition assay was carried out by infiltration of bacterial cells into leaves of *Nicotiana benthamiana*, and the bacterial cell number was counted after 24 hr incubation at room temperature. Interbacterial competition assay on agar plate was performed by coculture on LB (pH 7.0) or AB-MES (pH 5.5) agar at 25°C for 16 hr. The competition outcome was quantified by counting colony forming units (CFU) on selective LB agar. All assays were performed with at least three independent experiments or a minimum of three biological replicates from two independent experiments. Data represent mean ±SE of all biological replicates. Statistics were calculated by Student's t test, and the p value was denoted as ^∗∗∗^ = p \< 0.0005, ^∗∗^ = p \< 0.005, and ^∗^ = p \< 0.05. Detailed methods and associated references are described in [Supplemental Experimental Procedures](#app2){ref-type="sec"}.

TUNEL and Fluorescence-Activated Cell Sorting Analysis {#sec4.8}
------------------------------------------------------

Overnight culture of *E*. *coli* DH10B strains harboring the pJN105 vector or derivatives expressing Tde toxins were harvested, fixed, and stained by Apo-Direct Kit (BD Bioscience), and the intensity of fluorescence was determined by MoFlo XDP Cell Sorter (Beckman Coulter) and Summit V 5.2 software. Detailed methods and associated references are described in [Supplemental Experimental Procedures](#app2){ref-type="sec"}.

Supplemental Information {#app2}
========================

Document S1. Figures S1--S7, Tables S1 and S2, and Supplemental Experimental ProceduresDocument S2. Article plus Supplemental Information
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![Atu4350 Is an *A*. *tumefaciens* T6SS-Dependent Effector\
(A) *A*. *tumefaciens* T6SS consists of the major T6SS gene cluster containing two operons, *imp* (in gray; *atu4343* to *atu4330*) and *hcp* (in black; *atu4344* to *atu4352*), and another divergent operon named *vgrG2* (in white; *atu3642* to *atu3638*) ([@bib34]). The genes are indicated with locus/common names and/or designated as *tss* (type VI secretion) or *tag* (type VI secretion-associated gene) based on the proposed nomenclature ([@bib47]). The three toxins and their cognate immunity proteins identified in this study are indicated in red and green, respectively. The genes, which are essential, nonessential, or partially required for Hcp secretion, are flagged as (+), (−) or (−/+), respectively.\
(B) Secretion of Atu4350 is T6SS dependent. Total and secreted proteins were isolated from wild-type C58, Δ*tssL* mutant, and the complemented strain Δ*tssL*(pTssL) grown on AB-MES minimal agar (pH 5.5) for 24 hr at 25°C for western blot analysis of nonsecreted protein ActC ([@bib36]), Hcp, and Atu4347, known T6SS-dependent secreted proteins. Asterisk ^∗^ indicates the cross-reacting band of the antibody against Atu4347.](gr1){#fig1}

![A Superfamily of Type VI DNase Effectors\
(A) Partial sequence alignment of the representative Tde superfamily proteins that contain the toxin_43 domain showing the conserved HxxD catalytic motif. The locus tag and organism name are on the left, and the amino acid position of residues in the alignment is indicated on each side of the sequences. The conserved amino acid residues are shaded in black for identity and in gray for similarity. Asterisks (^∗^) indicate amino acids in the HxxD catalytic motif, which were targeted for mutagenesis.\
(B) In vitro DNase activity assay. The integrity of plasmid DNA (pTrc200) coincubated with purified proteins of the wild-type 4350 (WT) or the H190A D193A catalytic site mutant in the presence (+) or absence (−) of Mg^2+^ at 37°C for 1 hr was visualized with 1% agarose gel. Plasmid DNA with buffer (−) was a control.\
(C) Detection of DNA fragmentation by TUNEL assay and analysis by cell sorting. *E*. *coli* cells containing pJN105 (vector) or derivatives expressing the wild-type Atu4350 or H190A D193A catalytic site mutant were induced by L-arabinose. Cells were fixed and stained with FITC-dUTP to detect the fragmented DNA by monitoring fluorescence intensity (indicated on the x axis) by cell sorting. FITC-labeled cells are indicated as positive, and cells with background FITC signal are indicated as negative. The counts for cell sorting are indicated on the y axis. Similar results were obtained from at least two independent experiments. See also [Figures S1](#app2){ref-type="sec"} and [S2](#app2){ref-type="sec"}.](gr2){#fig2}

![Three Toxin-Immunity Pair Analysis\
(A and B) Cultures of *A*. *tumefaciens* wild-type C58 harboring the vectors (pTrc200 and pRL662) or derivatives were supplemented with 1 mM IPTG (at time 0 hr) for growth curve analysis. Atu4350 was produced from plasmid pTrc200, and the putative immunity protein Atu4351 or Atu4349 was constitutively expressed from plasmid pRL662 (A). Atu3640 was produced from plasmid pTrc200, and the putative immunity protein Atu3639 was constitutively expressed from plasmid pRL662 (B).\
(C) *E*. *coli* DH10B cultures were induced at 0 hr with 1 mM IPTG for 1 hr to produce the putative immunity protein Atu4346 from plasmid pTrc200, then L-arabinose (Ara) induction of Atu4347 with or without signal peptide (ssPelB) from plasmid pJN105. Cell growth was monitored by measuring OD~600~ at 1 hr intervals. The growth of control cells carrying empty vectors was monitored in parallel. Data are mean ±SE of three (A) or two (\[B\] and \[C\]) independent experiments.](gr3){#fig3}

![*A*. *tumefaciens* Intraspecies Competition In Planta\
The *A*. *tumefaciens* attacker strain was mixed with the target strain harboring plasmids pRL662 or pTrc200 at 10:1 (attacker: target) ratio and infiltrated into *N*. *benthamiana* leaves. The survival of target cells was quantified by counting CFUs on antibiotics-containing LB agar.\
(A) Attackers are wild-type C58, Δ*tssL*, or Δ3TIs (Δ*tae*-*tai*, Δ*tde1*-*tdi1*, Δ*tde2*-*tdi2*) coinfected with target strains C58 or Δ3TIs.\
(B) Attacker wild-type C58 was tested against target mutants lacking single (Δ*tae*-*tai*, Δ*4349*-*tde1*-*tdi1*, or Δ*tde2*-*tdi2*) or triple toxin-immunity pairs (Δ3TIs).\
(C) The attacker strain C58 was coinfected with the target strains (Δ*4349*-*tde1*-*tdi1* or Δ*tde2*-*tdi2*) harboring plasmid pTrc200 (Vector) or derivatives expressing the cognate immunity gene.\
(D) Attacker strains containing vector pTrc200 (Vec) or derivatives expressing wild-type (WT) or catalytic site mutants of Tde1 (H190A D193A, H190A, or D193A) were tested against the target mutant strain Δ*4349*-*tde1*-*tdi1* harboring pRL662 plasmid. Data are mean ±SE (\[B\]: n = 3; \[A\], \[C\], and \[D\]: n = 4). Significant difference compared with C58 or Vec was denoted as ^∗∗∗^ = p \< 0.0005, ^∗∗^ = p \< 0.005, and ^∗^ = p \< 0.05. See also [Figures S4](#app2){ref-type="sec"} and [S5](#app2){ref-type="sec"}.](gr4){#fig4}

![*A*. *tumefaciens*-*P*. *aeruginosa* Competition Assays\
(A and B) *P*. *aeruginosa* and *A*. *tumefaciens* cells were mixed equally and cocultured on LB agar (\[A\] and \[B\]) or coinfected in planta (C).\
(A) *P*. *aeruginosa* wild-type PAK, PAKΔ*retS* (Δ*retS*), or PAKΔ*retS*ΔH1 (Δ*retS*ΔH1) was cocultured with *A*. *tumefaciens* wild-type C58 or T6SS mutant (ΔT6SS).\
(B) *P*. *aeruginosa* PAK was mixed with one of the *A*. *tumefaciens* strains C58, ΔT6SS, Δ3TIs, Δ*tde1*-*tdi1*Δ*tde2*-*tdi2*, or Δ*tae*-*tai* mutant.\
(C) Cells of *P*. *aeruginosa* and *A*. *tumefaciens* harboring pRL662 derivative were mixed equally and infiltrated into *N*. *benthamiana* leaves. *P*. *aeruginosa* cell number was scored after 16 hr incubation at 37°C on LB agar without any antibiotics. Data are mean ±SE (\[A\]: n = 4--6; \[B\] and \[C\]: n = 3--4). Significant difference compared with C58 was denoted as ^∗∗^ = p \< 0.005 and ^∗^ = p \< 0.05. See also [Figures S4](#app2){ref-type="sec"} and [S5](#app2){ref-type="sec"}.](gr5){#fig5}

![Illustration of *A*. *tumefaciens* Interbacterial Competition during In Planta Colonization\
*A*. *tumefaciens* wild-type C58 (WT, green) injects Tde toxin (red or green circle) via the T6SS puncturing device drawn between the cells.\
(A) None of the *A*. *tumefaciens* siblings is killed because of the presence of the Tdi immunity protein (orange or light green triangle) inactivating the injected Tde toxin from the WT.\
(B) With Δ*tae*-*tai* lacking an amidase toxin-immunity pair (light blue), no killing occurs because Tae toxin is not the major antibacterial weapon during in planta colonization.\
(C) Injection of Tde toxin from WT *A*. *tumefaciens* to its sibling Δ*tde*-*tdi* mutant (light blue) lacking the cognate immunity protein results in cell death caused by degradation of cellular DNA.\
(D) Injection of Tde toxin from WT *A*. *tumefaciens* to *P*. *aeruginosa* (pink) results in cell death caused by degradation of cellular DNA.](gr6){#fig6}

![Conservation of Tde-Tdi Families in Bacteria\
(A) Representatives of the Tde family (shown in [Figure 2](#fig2){ref-type="fig"}A) from Gram (−) Proteobacteria and Bacteroidetes and Gram (+) Firmicutes and Actinobacteria phyla. The genetic organization is deducted from the genome context survey by BLASTP analysis and homologous genes are color-coded according to their known or predicted functions. The presence (indicated as T6SS+) or absence of T6SS (indicated as T6SS−) is based on the BLASTP analysis of the conserved T6SS components TssM, TssB, VgrG, and Hcp.\
(B) Eight classes of toxin_43 superfamily (PF15604). Proteins containing the toxin_43 domains are classified into eight classes/architectures according to the Pfam database. The graphical domain composition shows distinct domain organizations from a single to tandem toxin_43 domain fused to domains with known or unknown functions. The number of protein members found in each class is shown and classification of Tde1^*At*^ (*A*. *tumefaciens* Tde1) as class 1 and Tde2^*At*^ (*A*. *tumefaciens* Tde2) as class 3 is indicated. Detailed information for all class members and domain descriptions can be found in the Pfam PF15604 database (<http://pfam.xfam.org/family/toxin_43>). See also [Figures S1](#app2){ref-type="sec"}, [S3](#app2){ref-type="sec"}, [S6](#app2){ref-type="sec"}, and [S7](#app2){ref-type="sec"}.](gr7){#fig7}
